•eg- 



Proc. Natl Acad ScL USA 

Vol. 95, pp. 1776-1781, February 1998 

Medical Sciences 



DO NOT 
COPY FURTHER 



Discovery of a human liver glycogen phosphorylase inhibitor that 
lowers blood glucose in vivo 

William H. Martin t, Dennis J. Hoover*, Sandra J. ARMENTot, Ingrid A. SToatt, R. Kirk McPherson§, 
Dennis E. Danley^, Ralph W. Stevenson§, Eugene J. BarrettII, and Judith L. Treadway§** 

Departments of tExpIoratory Medicinal Biology, ^Medicinal Chemistry, ^Cardiovascular and Metabolic Diseases, and ^Protein and Molecular Sciences, Central 
Research Division, Pfizer, Inc, Groton, CT 06340; and ^University of Virginia Diabetes Center, Charlottesville, VA 22908 

Communicated by E. /. Corey, Harvard University, Cambridge, MA, December 4, 1997 (received for review July 30, 1997) 



ABSTRACT An inhibitor of human liver glycogen phos- 
phorylase a (HLGPa) has been identified and characterized in 
vitro and in vivo. This substance, [R-(R*,S*)3-5-chloro-AT-[3- 
(dimethylaroino)-2-hydroxy-3-oxo-l-(phenyImethyl)propyl]- 
lH-indole-2-carboxamide (CP-91149), inhibited HLGPa with 
an IC 50 of 0.13 jxM in the presence of 7.5 mM glucose. 
CP-91149 resembles caffeine, a known allosteric phosphory- 
lase inhibitor, in that it is 5- to 10-fold less potent in the 
absence of glucose. Further analysis, however, suggests that 
CP-91149 and caffeine are kinetically distinct. Functionally, 
CP-91149 inhibited glucagon-stimulated glycogenolysis in iso- 
lated rat hepatocytes (P < 0.05 at 10-100 /xM) and in primary 
human hepatocytes (2.1 /iM IC^.In vivo, oral administration 
of CP-91149 to diabetic oh job mice at 25-50 mg/kg resulted in 
rapid (3 h) glucose lowering by 100-120 mg/dl (P < 0.001) 
without producing hypoglycemia. Further, CP-91149 treat- 
ment did not lower glucose levels in normoglycemic, nondia- 
betic mice. In ob/ob mice pretreated with ,4 C-glucose to label 
liver glycogen, CP-91149 administration reduced 14 C-glycogen 
breakdown, confirming that glucose lowering resulted from 
inhibition of glycogenolysis in vivo. These findings support the 
use of CP-91149 in investigating glycogenolytic versus glu- 
coneogenic flux in hepatic glucose production, and they 
demonstrate that glycogenolysis inhibitors may be useful in 
the treatment of type 2 diabetes. 

Non-insulin-dependent diabetes mellitus (type 2 diabetes) is a 
prevalent disease in the Western world, afflicting «8 million 
diagnosed patients and a similar number of undiagnosed 
people in the United States alone (1). Although the cause of 
the commonly encountered form of type 2 diabetes has not yet 
been identified, it is well established that it is a polygenic 
disease characterized by multiple defects in insulin action in 
muscle, adipose, and liver, and defects in pancreatic insulin 
secretion (2). The relative importance of each of these in the 
etiology of type 2 diabetes is not clear. However, excessive 
hepatic glucose production (HGP) is a significant contributor 
to diabetic hyperglycemia. The liver is the major regulator of 
plasma glucose levels in the post absorptive state, and in type 
2 diabetics HGP is significantly elevated relative to nondia- 
betics (3, 4). In the postprandial state, where the liver has a 
proportionately smaller role in supplying glucose, the normal 
suppression of HGP is not observed in type 2 diabetics (4). 

The liver produces glucose by two pathways, gluconeogen- 
esis {de novo synthesis of glucose) and glycogenolysis (break- 
down of glycogen by phosphorylase, EC 2.4.1.1). The relative 
contribution of each to net HGP in normal and diseased states 
has been difficult to quantitate (5-7), yet type 2 diabetics have 
been reported to display elevated gluconeogenic rates (3, 8). 

The publication costs of this article were defrayed in part by page charge 
payment. This article must therefore be hereby marked "advertisement" in 
accordance with 18 U.S.C. §1734 solely to indicate this fact. 
© 1998 by The National Academy of Sciences 0027-3424/98/95 1776-6S2.00/0 
PNAS is available online at http://www.pnas.org. 



Attempts to modulate HGP with gluconeogenesis inhibitors 
have yielded mixed results. Agents that suppress gluconeogen- 
esis in vitro or in diabetic rodents by reducing gluconeogenic 
substrate availability or fatty acid metabolism have generally 
not been clinically efficacious or safe in humans (9, 10). With 
the exception of metformin, an antidiabetic agent with mul- 
tiple effects including gluconeogenesis inhibition, most inhib- 
itors have failed to reduce HGP and plasma glucose levels in 
humans caused by hepatic autoregulation, a compensatory 
increase in hepatic glycogenolysis that maintains a high rate of 
HGP (9). 

The alternative approach, the inhibition of glycogenolysis to 
reduce HGP, has not yet been tested. We hypothesized that 
glycogenolysis inhibition could improve glycemic control, 
based on patients with hepatic glycogen storage diseases, 
where episodic hypoglycemia is observed (11). Glucose pro- 
duction from the catalysis of glycogen to glucose- 1-phosphate 
is rate-limited by phosphorylase a, a well-studied enzyme that 
is regulated by multiple covalent, substrate, and allosteric 
effectors (12). To date, two types of glycogen phosphorylase 
inhibitors have been reported: glucose analogs bearing mul- 
tiple polar functionalities, which bind near the active site of the 
enzyme (13-18), and caffeine and other heteroaromatic ana- 
logs, which bind at the purine inhibitory site, also known as the 
I-site (19-22). Although some glucose and purine nucleoside 
phosphorylase inhibitors reportedly inhibit glycogenolysis in 
rodent cells and tissues (22-24), none of these are known to be 
orally active in vivo, possibly because of inadequate potency or 
poor pharmacokinetics, limiting their utility in determining 
the effect of glycogenolysis inhibition on HGP. Moreover, 
specific inhibitors of the human liver phosphorylase enzyme 
have not been described. 

We chose to search for new compounds that inhibited the 
human liver glycogen phosphorylase a (HLGPa) enzyme to 
evaluate the basis of glycogenolysis inhibition for the treatment 
of type 2 diabetes. We hypothesized that inhibitors which bind 
at the I-site would be of most interest, because these com- 
pounds are reported to be more potent in the presence of high 
glucose concentrations (19-22). Inhibitory activity could then, 
in principle, be regulated by blood glucose levels and would 
decrease as normoglycemia is achieved. This characteristic 
should diminish the risk of hypoglycemia, a potential side 
effect of many antidiabetic agents. To find new inhibitors, we 
screened >300,000 compounds from our sample bank against 
recombinant HLGPa, and report here the discovery of an 
orally active inhibitor of HLGPa that lowers plasma glucose 

concentration in an animal model of type 2 diabetes. 

Abbreviations: HGP, hepatic glucose production; HLGPa, human 
liver glycogen phosphorylase a; CP-91149, [R-(R*,S*))-5-chloro-A^-[3- 
(dimethylaraino)-2-hy'droxy-3-oxo-l-(phenylmethyl)propyll-lH- 
indole-2-carboxamide; GGN, glucagon. 

**To whom reprint requests should be addressed, e-mail: 
judith_l_treadway@groton.pfizer.com. 
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Fig. 1. Synthetic route to CP-91149. a, HCl-MeOH, 60 h, 23X, 
then NaHC03/H 2 0 > 77%; b, 1.0 equiv. 1 -(3 -dimethyl aminopropyl)- 
3-ethy!carbodiimide HQ, 1.5 equiv. 1-hydroxybenzotriazole, dichlo- 
romethane, 23°C, 18 h, 100% crude; c, 2.0 equiv. NaOH, MeOH, H 2 0, 
25°C, 2 h, 80%; d, as for b, but 1.1 equiv. dimethylamine HC1 and 1.1 
equiv. triethylamine in dimethylformamide, 18 h, 25°C, 62%. 

MATERIALS AND METHODS 

Expression and . Purification of Recombinant HLGPa. 
HLGP cDNA (25) was subcloned into plasmid pBlueBacIII 
(Invitrogen) and combined with BacuIoGold Linear DNA 
(PharMingen) for baculovirus expression. HLGP was ex- 
pressed in Sf9 cells as a mixture of phosphorylated (HLGPa) 
and unphosphorylated (HLGPb) forms and was purified by 
Cu 2+ affinity chromatography (26); it was then reacted with 
phosphorylase kinase to convert all of the enzyme to the 
HLGPa form and subjected to a final step of anion exchange 
chromatography (D.E.D., unpublished data). The protein was 
>95% pure by SDS/PAGE and fully phosphorylated to HL- 
GPa as judged by isoelectric focusing. The N terminus was 
correct as determined by protein sequencing on an Applied 
Biosystems model 470A sequencer. 

Synthesis of CP-91149 ([R-(R*,S*)]-5-chloro-JV-[3- 
(dimethyIamino)-2-hydroxy-3-oxo-l-(phenylmethyl)propyll- 
lH-indole-2-carboxamide). CP-91149 was synthesized as 
shown in Fig. 1. Cyanohydrin 1 (27) was treated with excess dry 
HC1 in methanol, giving amino ester 2 (mp 106-107°C, ethyl 
acetate-hexanes) in high yield after aqueous extraction and 
recrystaliization (28). Condensation of 2 with 5-chloro-lH- 
indole-2-carboxyIic acid (1.0 equiv.) gave a 9:1 mixture of ester 
3 and the diester resulting from ;V,0-bis-acylation of 2. Hy- 
drolysis with aqueous NaOH in methanol and trituration of the 
crude extracted product with hot chloroform-ethyl acetate 
gave acid 4 (80% yield from 2). Coupling of 4 and dimethyl- 
amine HC1 produced CP-91149 that was isolated by ethyl 
acetate extraction and purified by chromatography on silica gel 
(ethanol-dichloromethane). The colorless foam obtained was 
stirred in ether overnight, filtered, and dried, giving a colorless 
solid, mp 190-192°C (62% yield), homogeneous by l H and 13 C 
NMR, TLC, and RP-HPLC, crystalline by x-ray powder dif- 
fraction, and giving the expected LSIMS mass spectrum and 
carbon, hydrogen, and nitrogen (CHN) microanalysis. Com- 
plete experimental details and physical data (29) will be 
published separately. 

Phosphorylase Enzyme Assay. HLGPa (85 ng) activity was 
measured in the direction of glycogen synthesis by the release 
of phosphate from glucose-1 -phosphate (30) at 22°C in 100 pd 
of buffer containing 50 mM Hepes (pH 7.2), 100 mM KC1, 2.5 
mM EGTA, 2.5 mM MgCl 2 , 0.5 mM glucose-1 -phosphate, and 
1 mg/ml glycogen. Phosphate was measured at 620 nm, 20 min 
after the addition of 150 /xl of 1 M HC1 containing 10 mg/ml 
ammonium molybdate and 0.38 mg/ml malachite green (31). 
Test compounds were added to the assay in 5 jxl of 14% 
DMSO. 

Glycogenolysis Inhibition in Rat Hepatocytes. Isolated rat 
hepatocytes (32) were treated with CP-91149 or DMSO sol- 
vent (final concentration, 0.10%), followed by 60-min incuba- 
tion with 0.3 nM glucagon (GGN). Assays were terminated by 
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Fig. 2. Inhibition of HLGPa by CP-91149 and caffeine. HLGPa 
activity was measured at varied concentrations of CP-91149 (■) or 
caffeine (•). The data are plotted as percent inhibition vs. concen- 
tration of compound. The data (±SEM) are from a representative 
experiment performed in triplicate. 

centrifugation, and cells were digested with 30% KOH fol- 
lowed by glycogen determination (33). Results are expressed 
as fxmo\ glucose equivalent of glycogen/g weight. 

Glycogenolysis Inhibition in Primary Human Hepatocytes. 
Human hepatocytes (Clonetics, San Diego) were plated on 
collagen-coated 35-mm plates and maintained at 37°C and 
95% 0 2 /5% C0 2 in Williams E Media (Clonetics) supple- 
mented with 5 /xg/ml insulin, 0.1 fjM dexamethasone, 14 jaM 
linoleic acid, 0.5 mg/ml BSA, and 2 mM glut amine (34). To 
radiolabel the glycogen pool for the assay, cells were incubated 
for 4 h with 0.2 jxCi/ml [ 14 C-U]glucose (NEC-042; 1 Ci = 37 
GBq) plus 1 juM insulin. Cells were then washed with PBS, and 
basal and hormone-stimulated glycogen breakdown was ex- 
amined in the absence or presence of 50 /iM forskolin or 25 nM 
GGN, 10 mM glucose, plus CP-91149 as indicated. Assays were 
terminated 2 h later by washing with ice-cold PBS, solubilizing 
with 1 M NaOH, and quantitation of the 14 C-glycogen (35). 
Results are expressed as dpm 14 C-glycogen content per well. 

Glucose Lowering in Vivo. Five- to 6-week-old obese, dia- 
betic male C57BL/6J-Ler/ ob/ofc > mice and their lean, nondia- 
betic C57BL/6J-?/+ littermates (The Jackson Laboratory) 
were housed under standard animal care practices with ad 
libitum access to food and water throughout the procedures. 
After 1-week acclimation, blood was collected from the retro- 
orbital sinus for plasma glucose determination (33), and mice 
were randomized to groups with similar mean ± SD. Mice 
were then dosed p.o. dairy for 4 days with vehicle consisting of 
either (i) 0.25% (wt/vol) methyl cellulose in water or (a) 0.1% 
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Fig. 3. The effect of glucose on the potency of CP-91149 (■) and 
caffeine (•). IC50 values for HLGPa inhibition were determined at 
varied glucose concentrations, and then normalized by dividing the 
values by the IC50 value obtained in the absence of glucose. The 
normalized results are plotted as function of glucose concentration. 
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FlG. 4. Synergistic inhibition of HLGPa by CP-911 49, caffeine and 
theophylline. {A) HLGPa activity was measured in the presence of 
varied concentrations of CP-91149 under control conditions (■), or 
with 240 mM caffeine (•) or 480 theophylline (a) in the assay 
buffer. (B) HLGPa activity was measured in the presence of varied 
caffeine concentration under control conditions (■), or with 1.0 tiM. 
CP-91149 (•) or 490 /iM theophylline (a) in the assay buffer. 

Pluronic P105 Block Copolymer Surfactant (BASF, Parsip- 
pany, NJ) in 0.1% saline. On day 5, mice were treated p.o. with 
CP-91149 or vehicle, then bled 3 h later for plasma glucose 
determination. Statistical analysis of the CP-91149 effect was 
determined by unpaired t test with the vehicle-treated group. 
In some experiments, liver biopsies were obtained at 3 h 
postdosing for hepatic glycogen determination. 

In Vivo Glycogenolysis. The method of Liu et ai (36) for 
measuring in vivo glycogenolysis was modified for male 
C57BL/6J-Lep° 6 mice by pretreatment with a liquid diet (5% 
glucose, 5% fructose, and 2% amino acids; ICN) for 48 h, 
followed by p.o. dosing of 0.17 jxCi/g of 14 C-glucose (NEC- 
042) to label the glycogen pool. After 3 h, mice were admin- 
istered p.o. vehicle or CP-91149, then examined 3 h later for 
plasma glucose concentration and liver l4 C-glycogen content 
(35). Statistical analysis of the CP-91 149 effect was determined 
by unpaired t test with the vehicle-treated group. 

RESULTS 

CP-91149 (Af r 399.86) was identified as a potent HLGPa 
inhibitor following screening of >300,000 compounds. Gram 
quantities of CP-91149 were prepared by a stereospecific 
synthetic route (Fig. 1), and the material obtained was deter- 
mined to be pure (>98%, HPLC) and crystalline. Dose- 
response curves for HLGPa inhibition by CP-91149 and caf- 
feine in the presence of a physiological glucose concentration 
(7.5 mM) are shown in Fig. 2. The IC50 for CP-91149 was 
calculated to be 0.13 u.M, whereas the IC50 estimate for 
caffeine is 26 piM, 200-fold higher. The effect of varying 
glucose concentration on the IC50 values for both caffeine and 
CP-91149 is shown in Fig. 3. The data were normalized by 
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Fig. 5. Inhibition of glycogenolysis by CP-91149 in isolated rat 
hepatocytes. Isolated rat hepatocytes were preincubated with (A) 100 
/iM CP-91149 or DMSO or (B) 1-100 CP-91149 or DMSO for 5 
min, then in the absence (filled bars) or presence (open bars) of 0.3 nM 
GGN for 60 min in buffer containing 7.5 mM glucose, followed by 
glycogen determination. Results (ujnol/g) are the mean ± SD of 
triplicate determinations. **, P < 0.01; ***, P < 0.001 between 
treatment (GGN, CP-91149) vs. control (no GGN); t, P < 0.05; t, P < 
0.01; §, P < 0.001 between CP-91149 + GGN vs. control + GGN. 

dividing the IC50 obtained at varied glucose concentrations by 
the IC50 observed in the absence of glucose. At high glucose 
concentrations, the relative IC50 values for both CP-91149 and 
caffeine were decreased by 5- to 10-fold. Therefore, despite 
large differences in potency between CP-91149 and caffeine, 
glucose had the same relative effect on the IC50 estimates for 
both inhibitors. HLGPa inhibition by CP-91149 was also 
synergistic with caffeine and theophylline. To illustrate this, 
the IC 50 values for CP-91149, caffeine and theophylline mea- 
sured in the absence of glucose were found to be 1, 240, and 
480 /aM, respectively. Three buffers containing each of these 
compounds at their IC50 concentrations were prepared, and 
IC 50 values were remeasured for CP-91149 and caffeine in 
these buffers. As shown in Fig. 44, inclusion of caffeine or 
theophylline increased the potency of CP-91149 from 1 to 0.14 
^M. Fig. 4B shows that the IC50 for caffeine was reduced in the 
presence of 1 jiM CP-91149 from 240 to 68 /xM; however, 
inclusion of 480 /xM theophylline in the assay buffer had little 
effect on the IC50 value for caffeine. In additional experiments, 
HLGPa inhibition by theophylline was synergistic with CP- 
91149 but not with caffeine (data not shown). 

We next examined CP-91149 for phosphorylase inhibition in 
liver cells. In freshly isolated rat hepatocytes, the glycogeno- 
lytic hormone GGN reduced glycogen content by 50% (P < 
0.01, Fig. M). Pretreatment of rat hepatocytes with 100 /xM 
CP-91149 increased basal (no GGN) glycogen content by 48% 
(P < 0.01) and also markedly attenuated GGN-stimulated 
glycogenolysis (P < 0.01, Fig. 5/1). CP-91149 inhibition of 
GGN-stimulated glycogenolysis was dose-dependent (Fig. 5fl), 
with statistically significant effects observed at concentrations 
>10 jiM (P < 0.05, Fig. 5B). A hormonally responsive primary 
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Condition [CP-91149],^M 

Fig. 6. Inhibition of glycogenolysis by CP-91149 in primary human hepatocytes. Primary human hepatocytes were incubated with [ 14 C-U]glucose 
plus 1 jaM insulin, then with 10 mM glucose and (A) 50 jxM forskolin (F) or 25 nM GGN (G), plus 30 /i.M CP-91149 as indicated, or (B) in the 
absence (filled bars) or presence (open bars) of 25 nM GGN, plus CP-91149 as indicated for 2 h. (A) Results (dpm l4 C-glycogen) are the mean ± 
SEM of triplicate determinations from a representative experiment. *, P < 0.001 between GGN, forskolin, or CP-91149 vs. untreated control; 
P < 0.01 between control + GGN or forskolin vs. CP-91149 + GGN or forskolin. (B) Results are expressed relative (%) to untreated control in 
the absence of GGN (100%) and are the mean ± SEM from 3 to 10 independent experiments, each performed in triplicate. *, P < 0.05 between 
CP-91149 vs. untreated control; % y P < 0.001 between CP-91149 + GGN vs. GGN-treated control. 



human hepatocyte culture system was then developed for 
determining CP-91149's effects on glycogenolysis by using 
14 C-glycogen prelabeled cells. Primary human hepatocytes 
displayed a 60% (P < 0.001) reduction in 14 C-glycogen content 
in response to both GGN and forskolin, whereas coincubation 
with 30 |i,M CP-91149 inhibited the GGN and forskolin effect 
by >80% (P < 0.01) compared with untreated hepatocytes 
(Fig. 6/4). GGN -stimulated glycogenolysis was inhibited (P < 
0.05) by CP-91149 concentrations as low as 0.3 jxM, with an 
estimated IC 50 value of 2.1 ftM (Fig. 6£). Treatment of the 
primary human hepatocytes with CP-91149 also increased 
basal 14 C-glycogen content (44%, P < 0.001) compared with 
the control (Fig. 6A). Thus, CP-91149 suppressed glycogen- 
olysis in both rat and human liver cells. 

We next examined the effects of CP-91149 on glucose 
lowering and inhibition of glycogenolysis in vivo in diabetic 
ob/ob mice. Compared with vehicle-treated controls, dose- 
dependent decreases in plasma glucose concentrations (36- 
120 mg/dl) were observed 3 h after a single, oral dose of 
CP-91149 at 10, 25, and 50 mg/kg (Fig. 7,4). Glucose lowering 
by CP-91149 was statistically significant (P < 0.01) at the 25 
mg/kg and 50 mg/kg doses, and at 50 mg/kg, the glucose 
lowering reached normoglycemia (196 ± 16 mg/dl for the 
treated ob/ob mice vs. 189 ± 7 mg/dl for the nondiabetic 
controls, Fig. 75). Hypoglycemia (glucose <60 mg/dl) was not 
noted in any of the mice dosed with CP-91149 (Fig. 1A). 
Administration of CP-91149 to normoglycemic, nondiabetic 
mice at 25-100 mg/kg did not effect glucose lowering (Fig. IB). 

To determine whether glucose lowering by CP-91149 was 
associated with inhibition of glycogenolysis, liver glycogen 
content was compared between treated and control ob/ob 
mice. CP-91149 was associated with a 23% increase (P < 0.05) 
in net hepatic glycogen content over the 3-h treatment period 
during which glucose lowering (P < 0.001) was observed 
(Table 1). A sensitive method for measuring hepatic glyco- 
genolysis in ob/ob mice, based on 14 C-prelabeting of peripheral 
glucosyl residues of hepatic glycogen (36), was used to further 
assess glycogenolysis in vivo. Following preiabeling, the ob/ob 
mice were treated with either vehicle or 50 mg/kg CP-91149, 
and the residual 14 C-Iiver glycogen content and plasma glucose 
concentration were measured 3 h later. As shown in Table 2, 
mice treated with CP-91149 had 3-fold higher (P < 0.01) 
14 C-liver glycogen content than the vehicle-treated control 



mice. In parallel, plasma glucose concentration was reduced by 
150 mg/dl in the CP-91149 treated group (P < 0.001) com- 
pared with controls. Note that in Table 2, glycogenolysis was 
quantified by the differential loss of peripheral 14 C-glucosyl 
residues from glycogen whereas in Table 1 the net (steady- 
state) glycogen content was measured. The differences be- 
tween the two methods precludes a direct comparison of the 
quantitative effects; however, the results from the two studies 
are in agreement. 

DISCUSSION 

Our goal was to identify a HLGPa inhibitor that had cellular 
and in vivo activity to determine whether inhibition of glyco- 
genolysis could be useful in the treatment of type 2 diabetes. 
Because inhibitors of HLGPa had not been previously de- 
scribed, we screened > 300,000 compounds against a recom- 
binant HLGPa enzyme, and identified CP-91149, an indole- 
containing small molecule (Fig. 1), that inhibited HLGPa with 
an 1C 50 of 0.13 /xM in the presence of 7.5 mM glucose (Fig. 2). 
CP-91149 is structurally distinct from previously described 
glucose or I-site inhibitors (13-24), and is, in direct comparison 
with caffeine, 200-fold more potent. Despite the structural 
differences between CP-91149 and caffeine, we observed the 
same glucose synergy by these agents; HLGPa inhibition by 
both compounds increased 5- to 10-fold over a 0-10 mM 
glucose concentration range (Fig. 3). The effect of glucose on 
the potency of CP-91149 could be an important clinical feature 
of a glycogen phosphorylase inhibitor, because the reduction 
in inhibitor potency as glucose concentrations decrease in vivo 
should diminish the risk of hypoglycemia, a pervasive concern 
in type 2 diabetes therapy. This property could also help limit 
phosphorylase inhibition to the liver, because other tissues, 
such as skeletal muscle, have low intracellular glucose levels 
(37). 

Several studies have shown that the glucose binding site and 
the I-site of glycogen phosphorylase can interact (19-22). 
Structural studies of muscle phosphorylase complexed with 
glucose/analogs and purine nucleoside inhibitors have shown 
that the glucose binding site is stabilized when the I-site is 
occupied (13, 38). Our data suggest that CP-91149 binds to a 
site that interacts with glucose in a manner similar to purine 
nucleoside effectors; however, preliminary biochemical exper- 
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Fig. 7. Dose-response of glucose lowering activity by CP-91149 in (A) obese, diabetic ob/ob mice, and (B) lean, nondiabetic control mice. Mice 
were treated with vehicle or CP-91149 as indicated, and plasma glucose concentration was determined 3 h later. Values (mg/dl) represent the 
mean ± SEM for 10-60 mice per group. *, Significant (P < 0.01) decrease by CP-91149 compared with the vehicle-treated group. 



iments show that the binding characteristics of CP-91149 and 
purine nucleoside site inhibitors are not identical. CP-91149 
inhibition of HLGPa was synergistic with both caffeine and 
theophylline (Fig. 4A), whereas caffeine inhibition was syner- 
gistic only with CP-91149, and not theophylline (Fig. 4B). 
These results indicate that CP-91149 is kinetically distinct from 
purine nucleoside ligands and further work is in progress to 
clarify this observation. 

Based on the utility of rodent models in predicting human 
efficacy for antidiabetic drugs, and the high amino acid 
sequence identity (93.5%) of human and rat liver glycogen 
phosphorylase (39), we examined CP-91149 for glycogenolysis 
inhibition in both rat and human liver cells. CP-91149 inhibited 
GGN-stimulated glycogen breakdown in rat hepatocytes in a 
dose-dependent manner (Fig. 5£), and also suppressed GGN- 
stimulated glycogenolysis in primary human hepatocytes, with 
an IC50 of *=2.1 u.M (Fig. 62?). The functional activity displayed 
in hepatocytes indicated that CP-91149's inhibitory effects 
could potentially translate in vivo, so CP-91149 was adminis- 
tered to diabetic ob/ob mice based on their similar phenotype 
to human type 2 diabetics (40). We observed that a single, oral 
dose of CP-91149 at 50 mg/kg reduced plasma glucose con- 
centrations in ob/ob mice to near-normal levels 3 h after 
dosing; significant glucose lowering was also obtained at the 25 
mg/kg dose level (Fig. 1A). In no case was hypoglycemia 
observed. In nondiabetic, normoglycemic mice, administration 
of CP-91149 at doses up to 100 mg/kg, 4-fold higher than the 
lowest efficacious dose in diabetic mice, did not result in 
glucose lowering (Fig. 75). The reduced potency of CP-91149 
in the normoglycemic mice paralleled the compound's loss of 
inhibitory potency for HLGPa at reduced glucose concentra- 
tions in vitro (Fig. 3). 

The glucose-lowering elicited by CP-91149 treatment was 
accompanied by an inhibition of hepatic glycogen breakdown 
in the diabetic ob/ob mice (Tables 1 and 2). This effect is 
consistent with inhibition of hepatic glycogen phosphorylase in 
vivo, but cannot exclude one or more additional mechanisms. 
However, we have found that CP-91149 is highly specific for 
HLGPa inhibition, based on broad in vitro testing for activity 

Table 1. Effect of CP-91149 on net liver glycogen content and 
plasma glucose concentration in ob/ob mice 





Net glycogen 


Plasma glucose 


Group 


content, n-mol/g 


concentration, mg/dl 


Vehicle 


414 ± 30 


303 ± 15 


CP-91149 


510 ±23* 


152 ± 7*** 



Liver biopsy samples (n=!0) are from vehicle and 50 mg/kg 
CP-91149-treated ob/ob mice in Fig. 7. Results are the mean ± SEM. 
*, P < 0.05; P < 0.001 between CP-91149 and vehicle-treated 
groups. 



against other potential targets, including enzymes that regulate 
glucose metabolism. CP-91149 (up to 10-100 ptM) did not 
inhibit phosphoenolpyruvate carboxykinase, glucose-6- 
phosphatase/translocase, phosphoglucomutase, glucoses- 
phosphate dehydrogenase, or fructose- 1,6-bisphosphatase ac- 
tivities (results not shown). Further, CP-91149 did not show 
activity in at least 50 other pharmacological target screens, 
including at least 13 additional diabetes-related targets not 
mentioned above. In addition, the 3(S),2(S) diasteromer of 
CP-91149, a closely related analog with sharply reduced HL- 
GPa inhibition, did not show glucose lowering activity in vivo 
at 50 mg/kg. We have also ruled out other nonhepatic mech- 
anisms of glucose lowering with active CP-91149 analogs by 
demonstrating that these compounds do not stimulate glucose 
uptake in L6 myocytes, nor stimulate insulin secretion in rat 
islets at concentrations up to 30 /iM (E. M. Gibbs and J. C. 
Parker, personal communication). This result is in contrast to 
CP-91149*s marked inhibition of human hepatocyte glycogen- 
olysis at concentrations as low as 0.3 fiM. Taken together, our 
results suggest that hepatic glycogenolysis is quantitatively 
important to HGP and glycemic control in the diabetic ob/ob 
mouse, and that phosphorylase inhibition can restore eugly- 
cemia in this hyperglycemic model. Longer term studies are in 
progress to determine if additional metabolic benefits are 
derived from glycogen phosphorylase inhibition, and whether 
a phenomenon of hepatic autoregulation (9) will be induced. 

The results from studies of the relative contributions of 
glycogenolysis vs. gluconeogenesis to HGP have been contra- 
dictory (6). Even recent work with new methodologies does not 
give a clear answer. NMR (5, 41) or deuterium enrichment (8) 
studies support a dominant role for gluconeogenesis, whereas 
mass isotopomer distribution analysis predicts a larger role for 
glycogenolysis (42). Our study demonstrates that the pharma- 
cological inhibition of hepatic glycogenolysis results in signif- 
icant glucose lowering in diabetic rodents, suggesting that 
glycogenolysis is quantitatively important to HGP. This issue 
is further complicated, however, by recent studies reporting 
that a substantial portion of de novo glucose (e.g., up to 78% 

Table 2. Effect of CP-91149 on 14 C-glycogen content and plasma 
glucose concentration in ob/ob mice 



Group 



l4 C-glycogen, 
dpm/mg 



Plasma glucose 
concentration, mg/dl 



Vehicle 
CP-91149 



17.0 ± 2.6 
51.6 ± 8.4* 



235 ± 21 
134 ± V 



In vivo l4 C-liver glycogenolysis was determined as described. Plasma 
glucose concentration and live 14 C-gIycogen content were determined 
3 h after dosing. Values are the mean ± SEM for n = 9-10 mice from 
a representative experiment. **, P < 0.01; **♦, P < 0.001 between 
CP-91149 and vehicle-treated groups. 
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by mass isotopomer) appears to cycle through the glycogen 
pool prior to efflux from human liver (43). NMR data also 
corroborate that significant hepatic glucose-glycogen cycling 
occurs in vivo (44, 45). These data support the conjecture that 
glycogenolysis inhibition could also reduce net gluconeogenic 
flux, and thereby contribute to the overall efficacy in reducing 
HGP in vivo. In preliminary experiments utilizing fasted rat 
hepatocytes, we observed that CP-91149 (30 pM) reduced 
14 C-lactate conversion to 14 C-glucose by 50%, simultaneous 
with 3-fold increased l4 C-lactate incorporation into l4 C- 
glycogen (results not shown), despite the compound's lack of 
direct inhibition of several key gluconeogenic enzymes. These 
results indicate that CP-91149 may indirectly inhibit glucone- 
ogenesis as a result of primary inhibition of glycogenolysis, and 
additional studies are underway to address this point. 

In conclusion, an inhibitor of human liver glycogen phos- 
phorylase is reported that functionally inhibits GGN- 
stimulated glycogenolysis in rat hepatocytes, and in human 
hepatocytes, the potential therapeutic target. Our data show 
that an orally active pharmacological agent can both inhibit 
hepatic glycogenolysis and lower plasma glucose levels in 
diabetic rodents. The results indicate that hepatic glycogenol- 
ysis has a major role in the regulation of plasma glucose levels 
in diabetic mice, and suggest that glycogen phosphorylase 
inhibitors may be useful in the treatment of type 2 diabetes. 
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